We investigated the link between direct activation of inhibitory neurons, local neuronal activity, and hemodynamics. Direct optogenetic cortical stimulation in the sensorimotor cortex of transgenic mice expressing Channelrhodopsin-2 in GABAergic neurons (VGAT-ChR2) greatly attenuated spontaneous cortical spikes, but was sufficient to increase blood flow as measured with laser speckle contrast imaging. To determine whether the observed optogenetically evoked gamma aminobutyric acid (GABA)-neuron hemodynamic responses were dependent on ionotropic glutamatergic or GABAergic synaptic mechanisms, we paired optogenetic stimulation with application of antagonists to the cortex. Incubation of glutamatergic antagonists directly on the cortex (NBQX and MK-801) blocked cortical sensory evoked responses (as measured with electroencephalography and intrinsic optical signal imaging), but did not significantly attenuate optogenetically evoked hemodynamic responses. Significant lightevoked hemodynamic responses were still present after the addition of picrotoxin (GABA-A receptor antagonist) in the presence of the glutamatergic synaptic blockade. This activation of cortical inhibitory interneurons can mediate large changes in blood flow in a manner that is by and large not dependent on ionotropic glutamatergic or GABAergic synaptic transmission. This supports the hypothesis that activation of inhibitory neurons can increase local cerebral blood flow in a manner that is not entirely dependent on levels of net ongoing neuronal activity.
INTRODUCTION
Exploring how activity of specific cell types is coupled to alterations in local blood flow is fundamental to understanding the regulation of cerebral blood flow. This has become an issue of both interest and importance because many modalities of imaging use metabolic and vascular signals as proxies for neuronal activity. 1 The application of optogenetics to the study of hemodynamics facilitates dissection of cell type-specificmediated alterations in blood flow through stimulation of defined subpopulations of neurons. Here, we use VGAT-ChR2 line 8 mice 2 to probe the capacity of cortical inhibitory interneurons to alter local cortical activity and blood flow in vivo. Gamma power is driven by fast spiking interneurons 3 and is correlated to hemodynamic responses. [4] [5] [6] Inhibitory neurons have a measureable metabolic load, 7 can release vasoactive compounds, 8 and have a substantial anatomic connection to the local microvasculature in the cortex, yet a causal link between their activation and alterations in blood flow has not yet been shown. This led us to hypothesize that direct stimulation of interneurons could increase blood flow. Although, in brain slice preparations, it has been shown that interneurons can have bidirectional control of vessel diameter; 8 here, we reveal that optogenetic activation of GABAergic neurons can lead to a net increase in local blood flow. With extracellular recordings of spontaneous spiking, we show that increases in blood flow can occur while spontaneous activity of neurons is suppressed. Because pathologies, namely stroke, can produce immediate and prolonged deficits in both neurovascular coupling 9 and the function of inhibitory circuits, 10 we expect an increased importance will be placed on examining cell typespecific neurovascular coupling in disease states.
MATERIALS AND METHODS

Animals and Surgery
Experimental procedures were performed under protocols approved by the University of British Columbia Animal Care Committee, conformed to the Canadian Council on Animal Care and ARRIVE guidelines. For acute experiments, 6 Jackson Laboratory (Bar Harbor, Maine, USA) Line 8 VGATChR2-YFP BAC male and female 2 to 4-month-old animals weighing 20 to 30 g were used. Additionally, two ChR2 negative littermates and four B6. Cg-Tg(Thy1-YFPH)2Jrs/J mice of the same age and weight were used for control experiments. An additional mouse was used for confocal imaging to confirm expression of Channelrhodopsin-2 ( Figure 1A ). The animals were anesthetized with 5% isoflurane in air; this was reduced to 1% to 1.5% during surgery. Body temperature was maintained at 37 ± 0.5°C by a heating pad controlled by temperature feedback from a rectal probe. The mouse was secured in a custom-made head hold using cyanoacrylate and dental cement and a craniectomy was made over the right forelimb sensorimotor cortex. The dura was left intact. 11 Agarose dissolved in HEPES-buffered artificial cerebral spinal fluid, pH 7.3, to 1.5% was placed over the surface of the cortex at 37°C. 12 The surface of the cortex was then covered with a No.1 glass coverslip. Before imaging, the brain was warmed to~37°C by circulating warm water through tubing attached to the custom-built, stainless steel headhold. In experiments with unit records, the brain was warmed with the same procedure but agarose was not applied to the cortex. During stimulation procedures, anesthesia was switched to a ketamine xylazine combination (100/10 mg/kg), because it conserves the neurovascular relationship; 13 it was supplemented as required.
14 Heart rate and pulse distension was monitored with MouseOx pulse oximeter (Star Life Sciences Corp, Oakmont, PA, USA) to monitor the stability of animal vitals during the experiment.
In vivo Electrotrophysiology
For electroencephalography (EEG) recordings, a teflon-coated silver wire was placed on the lateral edge of the craniotomy on the surface of the cortex aligned with bregma. The reference electrode was placed subcutaneously in the nose. Signals were amplified (1000 × ) and filtered (0.1 to 1000 Hz) using a differential AC amplifier (Model 1700, A-M Systems, Sequim, WA, USA). Data were collected using Clampex 9.2 (Molecular Devices, Sunnyvale, CA, USA). Extracellular unit recordings were performed with a glass electrodes (1 to 1.3 MΩ impedance) inserted at a depth of 400 to 550 μm into the right sensorimotor cortex. The surface of the brain was identified through observing changes in impedance of the electrode while lowering the glass pipette with a manipulator (Model MP-225 Sutter Instruments, Novato, CA, USA). Recordings were amplified via a Molecular Devices MultiClamp 700B. A reference silver ball electrode was placed lateral to bregma. Electrophysiologic recordings were highpass filtered (270 Hz). Thresholds for spike detection in both the X (time) and Y (volts) axes were selected to be inclusive of as many spike as possible. Spikes were clustered with principal component analysis. We quantified the firing rate of spikes in the first cluster, where almost all units were grouped. Little or no spikes were detected during photostimulation, thus most neurons detected were unlikely to be optogenetically activated interneurons that are likely a smaller subset.
Optogenetic and Sensory Stimulation
A 473 nm laser (CrystaLaser BCL-473-050, Reno, NV, USA) collimated to a~100 μm diameter was targeted to the cortex as previously described (Figure 2A) . 15 When imaging hemodynamic responses, photostimulation was delivered at an intensity of 2 mW at 100 Hz with each pulse having a 5 ms duration. Responses from varied durations of stimulation (1.0, 0.5, 0.1 seconds) were imaged. Electrical stimulation of the forepaw, delivered by a stimulus isolator (World Precision Instruments, Sarasota, FL, USA), through two 30-gauge needles, which were inserted subcutaneously into the left forepaw. Pulse trains at 100 Hz of 1 ms pulses (1 mA) were delivered for either 4 or 1 seconds durations while recording speckle imaging and intrinsic signal imaging. These stimulation durations were optimal for generating sensory-evoked hemodynamic responses with intrinsic signal 16 or laser speckle imaging. 14,17 A single 1 ms pulse (2 mA) was sufficient to evoke a reliable response detectable by EEG.
Laser Speckle Contrast and Intrinsic Signal Imaging
The surface of the cortex was illuminated with a 784 nm, 32 mW laser (SNF-XXX-785S-35, StockerYale, Quebec, Quebec, Canada) with a 4 × beam expander (Edmund Optics, Barrington, NJ, USA) directed at the cortex at approximately a 30-degree angle. Light intensity was controlled with a polarizer. The flow of blood cells and resultant blurring in the interference patterns 18, 19 was detected by a CCD camera (Dalsa 1M60, Waterloo, Ontario, Canada) and image acquisition was performed using EPIX XCAP software (v3.2) (Buffalo Grove, IL, USA). A total of 15 sweeps for each stimulation parameter consisting of 130 frames were acquired at 10 Hz with a 10 ms exposure time. Using Matlab (Mathworks, Natick, MA, USA), each 1024 × 1024 pixel image in the stack was variance-filtered spatially with a kernel size of 3 pixels. Blood flow measurements were estimated as the inverse square of speckle contrast values which were scaled between minimum and maximum flow rate ( Figure 2B ). 20 Minimum flow was determined from contrast values measured from the mouse cortex after it was killed. For stimulation, a 473 nm laser beam (Crystalaser, focused tõ 100 μm diameter, 5 ms pulses, 2 mW, 100 Hz, 0.1 to 1 second) was targeted to forelimb sensorimotor cortex.
14 Light from the 473 nm laser was blocked from contaminating the speckle signal as detected by the camera by a 715 nm longpass filter (Edmund Optics, Barrington, NJ, USA). Regions of interest selected for assessment of speckle contrast over time were 1 mm 2 and centered at the site where the laser was targeted on the cortex. Intrinsic optical signal imaging was conducted with 630 nm LEDs illuminating the cortex, while a CCD Dalsa 1M60 camera was used to measure changes in reflectance. These alterations are considered to be mediated by changes in blood volume and the ratio of oxy and de-oxy hemoglobin. 16 Each run consisted of 20 trials and was obtained at 10 Hz with an exposure period of 100 ms. Reported values for intrinsic optical signal are percent fractional change in reflectance, relative to pre stimulus levels, from a 1 mm 2 region of interest (centered over the peak response).
Pharmacology
After baseline assessment of light-evoked hemodynamic responses, the agarose was removed from the surface of cortex and NBQX and MK-801 in a final concentration of 200 μM and 300 μM, respectively, was diluted in artificial cerebral spinal fluid and incubated directly on the cortex for 30 minutes. Agarose was then reapplied to the cortex at 37°C, covered with a cover slip, and laser speckle contrast imaging was performed. This antagonist treatment significantly reduces spontaneous 11 and sensoryevoked cortical activation. [21] [22] [23] This process was repeated in the same animal for a second time with the incubation of picrotoxin (100 μM) ( Figure 4A ). We applied picrotoxin only in the presence of glutamatergic antagonists to prevent disinhibition of pyramidal neurons (and bursting) and isolate the direct inhibitory neuron-mediated hemodynamic response.
Statistics
To perform statistical testing, we used Graphpad Prism (GraphPad Software, La Jolla, CA, USA) and Igor Pro v.6.2 (Wavemetrics, Lake Oswego, OR, USA). Results from analyses of variance (ANOVA) and t-tests are reported as mean ± s.e.m. Bonferroni post tests were used in combination with ANOVAs. In one-tailed student t-tests performed on data that were normalized to baseline, the hypothetical mean of 100% was used. Statistical significance: *Po0.05, **Po0.01, ***Po0.001.
RESULTS
Optogenetic Activation of Cortical Inhibitory Interneurons
Increases Local Blood Flow Stimulation of cortical inhibitory interneurons (2 mW, 100 Hz, 5 ms) evoked a 26.5 ± 3.0% increase in speckle signal, indicative of increases in local blood flow, in anesthetized VGAT ChR2 mice ( Figures 2C and 2D) . At shorter durations of stimulation, 0.5 and 0.1 seconds, increases in blood flow were 16.5 ± 1.2 and 12.0 ± 1.1%, respectively ( Figures 2E and 2F) . A one-way ANOVA (n = 6) revealed a significant difference between the amplitude of hemodynamic responses from different durations of stimulation (P = 0.0008). Comparisons within groups (Bonferroni tests) showed differences between 1 and 0.1 seconds (P o0.001), and 0.5 and 0.1 seconds (P o0.05) of stimulation. The time to peak amplitude of the evoked alteration in speckle signal from 1, 0.5, and 0.1 seconds of stimulation was 3.7 ± 0.26 seconds, 3.4 ± 0.17 seconds, and 3.3 ± 0.26 seconds, respectively. No significant difference between these values was observed. Littermates of experimental animals that did not express ChR2 (n = 2), even when photostimulated with the highest power and longest duration used in these experiments, did not evoke increases in blood velocity (as measured by laser speckle contrast imaging) ( Figure 2D ). Stimulation of Thy1-YFP animals (n = 4; no ChR2 expression) with a higher power (3 mW) showed that YFP emissions and/or spurious light from the laser did not contribute to changes in laser speckle imaging signals ( Figure 2D) .
Confirmation of light activation of inhibitory neurons was assessed in a separate group of animals (n = 3) in which unit activity recordings were performed during trials of 1 second of light stimulation (2 mW, 100 Hz, 5 ms) ( Figures 1B and 1C) . We assessed the difference in the number of spikes during and after stimulation relative to baseline. During the time Channelrhodopsin-2 was photoactivated, spiking was reduced to 5.7% of baseline (Po 0.0001). In the second after stimulation, spiking partially recovered, increasing to a rate equivalent to 60.8% (P = 0.0216) of baseline. It recovered to 105% (P = 0.7941) of baseline in the subsequent second ( Figure 1D ).
Inhibition can increase blood flow
Application of Ionotropic Glutamatergic Antagonists Blocks Sensory-Evoked Activity and Attenuates Hemodynamic Responses
The effect of applying α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and N-methyl-D-aspartate receptor antagonists (NBQX; 200 μM and MK-801; 300 μM) directly to the cortex was assessed by measuring alterations in sensory-evoked responses detected with EEG as well as speckle contrast and intrinsic signal imaging (Figure 3) . A single 1 ms (2 mA) pulse of stimulation delivered to the forepaw led to a 0.157 ± 0.011 mV deflection which was blocked (0.007 ± 0.02 mV) after application of the antagonists (P = 0.006; n = 4; Figures 3A and 3C) . The initial dip of the hemodynamic dependent intrinsic signal from 1 second (100 Hz, 1 ms, 1 mA) of sensory stimulation (−0.085 ± 0.028%) was also blocked (−0.007 ± 0.005%) (P = 0.002; n = 5; Figures 3D  and 3F ). Speckle contrast imaging responses from 4 seconds of stimulation at the same intensity and frequency as intrinsic optical signal imaging led to a 15 ± 5.2% increase in blood flow. This response was reduced to 9.8 ± 3.1% with the application of ionotropic glutamatergic antagonists (n = 6; Figures 3G and 3H ).
The area under the curve of these responses decreased to 51.2 ± 23.0% of baseline (P = 0.044; n = 6; Figure 3I) Optogenetically Evoked Increases in Blood Flow are Largely Independent of Ionotropic Glutamatergic Synaptic Transmission and are not Attenuated by Gamma Aminobutyric Acid (GABA)-A Receptor Antagonists We sought to confirm that the optogenetically evoked increases in blood flow were not mediated indirectly via ionotropic glutamatergic synaptic mechanisms. After application of antagonists directly to the cortex (NBQX; 200 μM and MK-801; 300 μM), speckle responses evoked from optogenetic stimulation (1.0, 0.5, and 0.1 seconds of 100 Hz 5 ms 2 mW stimulation) remained fairly consistent (27.0 ± 3.0%, 16.5 ± 1.1%, and 12.0 ± 1.0%) with pre-treatment stimulusevoked responses (24.5 ± 7.6%, 19.1 ± 3.6%, 14.1 ± 2.1%). No significant differences were found between the evoked responses elicited by the same stimulation duration (Figures 4B and 4D) . After application of GABA-A antagonist these values were 19.2 ± 4.2%, 13.9 ± 2.6%, and 9.4 ± 2.0%; repeated measures ANOVA showed no significant differences in evoked blood flow as a consequence of either pharmacological manipulation. Two-way ANOVA revealed no significant interaction between stimulation duration and pharmacology treatment. Similarly, when examining the relative change of the area under the curve of these (light-evoked) responses, the pharmacological cocktail had no significant effect. One second of light stimulation yielded responses 108 ± 24.5% and 94.0 ± 35.2% compared with baseline after application of glutamatergic or glutamatergic and GABAergic antagonists combined. (D) Evoked blood flow response (the inverse square of speckle contrast scaled between minimum and maximum) from 1 second of photostimluation (100 Hz, 5 ms, 2 mW) in VGAT-ChR2 mice (n = 6), ChR2-negative littermates (n = 2) and Thy-1 YFP mice (3 mW stimulation; n = 4). Plots show mean values ± s.e.m. (E) Peak blood flow and (F) latency to the peak response (n = 6) from 100 Hz, 5 ms, 2 mW stimulation at three different durations (1.0; n = 6, 0.5 n = 6, 0.1; n = 5 seconds).
Inhibition can increase blood flow
DISCUSSION
Activation of Cortical Inhibitory Neurons is Sufficient to Increase Local Blood Flow
The balance between activity originating from excitatory and inhibitory neurons can affect local blood flow in a region-specific manner. Empirically, this has been observed as a direct relationship between local neuronal activity and hemodynamic dependent imaging signals. 24 However, under certain conditions, mismatches between local neurometabolic/neurovascular signals and neuronal activity have been observed. [25] [26] [27] This may be due to a complex regulation of blood flow where both the cell type and transmitter released are a factor in shaping hemodynamic responses. 28 Notably, interneurons have the capacity to decrease the activity of principal neurons, 29 cells which are known to increase local blood flow. 30 Additionally, interneurons can release compounds which exert bidirectional control over blood vessel diameter. 8 The net effect from direct optogenetic activation of inhibitory neurons is an increase in local blood flow ( Figures 2C  and 2E) ; however, we cannot discount situations where predominant activation of subpopulation of interneurons 31 responsible for constriction 32 could decrease local blood flow. The observation that activation of inhibitory neurons can increase local blood flow is provoking; however, the magnitude and proportion that these neurons contribute to functional hyperemia 31 while interacting with other cell types remains to be exacted.
The Nature of the Light-Evoked Cortical Inhibitory Neuron-Mediated Hemodynamic Response VGAT-ChR2(H134R)-EYFP mice have a diffuse cortical expression of ChR2, with the channel found in all subtypes of cortical GABAergic interneurons. 2 Photoactivation of ChR2 induces neuronal firing. 2, 33, 34 We sought to investigate the polarity of the cerebral blood flow response as a consequence of activating inhibitory circuits (Figure 1 ). Because the majority of recorded cortical activity is dependent on ionotropic glutamatergic and GABAergic synaptic transmission, 35 we took the approach of applying antagonists of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/N-methyl-D-aspartate and GABA-A receptors to test whether the observed light-evoked hemodynamic response would persist perhaps through alternate routes such as the release of vasoactive compounds, 8, 36 interactions with metabotropic receptors on astrocytes, 37 metabolic feedback, 38, 39 and/or extracellular ion flux. 40 In accordance with previous work, 14, 15 applying glutamatergic receptor antagonists directly to the cortex blocked sensoryevoked responses as measured with intrinsic optical signal and cortical EEG recordings. The light-evoked hemodynamic response endured even in the presence of high concentrations of ionotropic glutamatergic antagonists ( Figure 4) ; this suggests that secondary excitatory signaling was not mediating the light-evoked blood flow response within GABA neurons. The sensory-evoked hemodynamic response (laser speckle contrast) persisted at a lower level after application of glutamatergic antagonists to the cortex ( Figures 3G and 3I ). This suggests that non-ionotropic glutamatergic circuits known to mediate functional hyperemia 41, 42 that interact with cortical interneurons 8, 31 may in part drive sensory responses. Alternatively, the longer wavelength used in laser speckle as opposed to hemodynamic-dependent intrinsic signal imaging may offer a signal from deeper cortical layers which may be less affected by the diffusion of pharmacological agents applied to the surface of the cortex.
Experiments performed in hippocampal brain slices 43 and in isolated canine vessels 44 showed that GABA-A receptor agonists could dilate the vasculature. However, in vivo evidence from stimulation of excitatory circuits in the cerebellum indicate that high concentrations of GABA-A receptor antagonist do not effect basal or evoked cerebral blood flow. 36, 45 Recently, low doses of GABA agonists have been found to increase blood flow in the mouse somatosensory cortex, 46 this is perhaps through di-synaptic disinhibition of pyramidal neurons, 47 or activation of astrocytic GABA-A-Rs, 48 which can evoke calcium transients 46, 49 and increase blood flow. 38, 50 To investigate whether these mechanisms were responsible for the observed increases in blood Inhibition can increase blood flowflow, we assessed and observed light-evoked hemodynamic responses in VGAT-ChR2 mice after incubating the cortex with GABA-A, N-methyl-D-aspartate, and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor antagonists. Although GABA-A receptors may have an indirect role in mediating in sensoryevoked hyperemia in the cortex, under these experimental conditions, the ineffectiveness of GABA-A receptor antagonism in blocking the light-evoked hemodynamic response suggests that other interneuron-mediated pathways can contribute to elevations in brain blood flow. This may occur via interneuron release of factors such as vasoactive intestinal polypeptide or perhaps nitric oxide, 8, 36, 51 which acts in the endothelium to relax smooth muscle 52 of cortical vessels. 53 Our data suggest that interneuron-mediated increases in blood flow can persist despite ionotropic GABA and glutamate receptor antagonism. Further study of mechanisms by which optogentically stimulated GABA neurons increase blood flow may be achieved from the application of antagonists to additional downstream factors. Here, we show that this response can persist despite our interference with ionotropic synaptic mechanisms. However, we do not rule out a role for GABA-A receptors in regulating functional hyperemia at the circuit level. We stress that these results are most relevant to the case of direct GABA neuron activation, and do not exclude roles for ionotropic GABA receptors in regulating network function and their associated hemodynamic responses. Furthermore, we have not implicitly tested the role of metabotropic GABA receptors.
Cortical Photostimulation of GABAergic Neurons Attenuates Spontaneous Spiking Activity
The use of optogenetics facilitates our ability to directly stimulate inhibitory neurons. Activation of inhibitory neurons can silence firing of principal neurons in barrel cortex. 29 We show this phenomenon in the forelimb sensorimotor cortex (Figure 1 ) with stimulation parameters used here to increase local blood flow ( Figures 2C and 2F) . Stimulation of GABAergic neurons can both increase blood flow and inhibit spiking activity intrinsic to the brain conferring a situation where levels of cortical electrical activity and hemodynamics are dissociated. These results support the notion that sufficient activation of interneurons can increase blood flow irrespective of discharge in surrounding principal cells. 1, 54 We show that this stimulation of interneurons attenuates local activity, whereas it can increase local blood flow. Future work may be directed towards understanding the degree to which the dissociation between the polarity of blood flow responses and neuronal activity occurs within activity intrinsic to the brain.
CONCLUSION
In summary, we find that direct optogenetic activation of cortical GABA neurons can increase local blood flow while suppressing spontaneous neuronal activity. The light-evoked hemodynamic response originating from activation of interneurons persisted despite antagonism of ionotropic glutamatergic and GABAergic receptors. Our data support a model whereby interneuronmediated alterations in blood flow can be regulated by mechanisms that operate at least in part independently from the net state of ongoing neuronal activity. Although the contribution of interneurons to functional hyperemia remains unclear and experimentally challenging to address, we begin working towards a cell type-specific understanding of neurovascular coupling by showing that GABA neurons increase blood flow even without the contribution of excitable synaptic networks.
AUTHOR CONTRIBUTIONS
EA designed research, performed research, analyzed data, and wrote the paper. AWC and YX helped design the research. JL contributed tools for analysis and provided technical support. THM designed research, provided financial support, and assisted with writing.
DISCLOSURE/CONFLICT OF INTEREST
The authors declare no conflict of interest.
